Abstract. Multiple sclerosis (MS) is an inflammatory autoimmune neurodegenerative disease, which features focal demyelination and inflammatory cell infiltration of the brain and the spinal cord. Tanshinone IIA (TSIIA), one of the major fat-soluble components of Salvia miltiorrhiza (Danshen), has anti-inflammatory, immunoregulatory and neuroprotective activity; however, its efficacy in MS remains unknown. The current study was designed to investigate the potential therapeutic function of TSIIA on MS in the experimental autoimmune encephalomyelitis (EAE) rat model. In comparison to the vehicle control group, the TSIIA-treated groups showed notably improved clinical symptoms and pathological changes, including central nervous system inflammatory cell infiltration and demyelination. Following administration of TSIIA, the quantity of CD4 + T cells, CD8 + T cells and macrophages/microglia in the spinal cord were reduced to different extents. Furthermore, TSIIA was also shown to downregulate interleukin (IL)-17 and IL-23 levels in the brain and serum of EAE rats. The results collectively provide evidence that TSIIA alleviates EAE and support its utility as a novel therapy for MS.
Introduction
MS is a progressive autoimmune demyelinating disorder of the central nervous system (CNS), which is mediated via various inflammatory cells and cytokines. Experimental autoimmune encephalomyelitis (EAE) has been universally acknowledged as an animal model for MS, as it has similar clinical and neuropathological features (1) . In MS/EAE, once activated, circulating T cells travel from the periphery to the CNS and generate large amounts of proinflammatory cytokines. Then microglia and invaded macrophages are consequently activated, and stimulate autoimmune reactions, leading to myelin damage. CD4 + T cells are the predominant cell type involved in the pathology of MS/EAE. Mice without functional CD4 + T cells do not develop the relevant clinical signs of disease (2) . CD8 + T cells also accumulate and activate microglia to an extent, causing tissue damage during CNS autoimmunity (3) . In the CNS, Mac-1 is expressed predominantly on the surface of resident microglia cells and infiltrating inflammatory macrophages, and therefore used to identify activated microglia/macrophages in EAE (4) .
The interleukin (IL)-23/IL-17 axis performs important functions in MS pathogenesis. IL-23 is predominantly secreted from activated macrophages/microglia and dendritic cells (5) , inducing Th0 cell differentiation into Th17 cells (6) . This type of shift facilitates CNS inflammation and the development of EAE. Th17 cells are characterized by the secretion of IL-17. IL-23 and IL-17 in the serum and CNS have been reported to serve an important role in the pathology and immunotherapy of MS (7) .
MS is a debilitating disease with high disability and recurrence rates and there are over one million people worldwide suffering from the disease (8) . The treatment of MS is limited to chemically synthesized immunomodulatory or immunosuppressive reagents, which are not always effective and are often associated with severe side-effects (9) . Thus, the identification of more effective and safe agents is urgently required. Salvia miltiorrhiza, a Chinese herbal medicine, has traditionally been used to treat cardiovascular and cerebrovascular diseases (10, 11) . Tanshinone IIA (TSIIA), its major bioactive constituent, has been shown to exert immunomodulatory effects on various immune cells and cytokines, with anti-inflammatory, anti-oxidative and neuroprotective functions (12) . TSIIA has been shown to exert a therapeutic effect in neurodegenerative diseases, such as Parkinson's (13) and Alzheimer's disease (14) . It has also been shown to be effective in inflammatory and autoimmunity diseases, including acute lung inflammation (15) , sepsis (16) and systemic sclerosis (17) .
Considering these findings, the present study examined the hypothesis that TSIIA can be effectively used for EAE treatment. To the best of our knowledge, this is the first study to demonstrate that TSIIA alleviates EAE by downregulating the IL-23/IL-17 inflammatory pathway and reducing the infiltration of immune cell populations supporting its potential as an effective therapeutic agent for MS. (18) . In brief, guinea pig spinal cord homogenate was mixed with same amount of CFA, which contained 5 mg/ml Mycobacterium tuberculosis H37Ra. Each rat received a subcutaneous injection into the back and the hind footpads of 0.5 ml mixture to induce EAE. The day of immunization was regarded as Day 0 postimmunization (p.i.).
Materials and methods

Reagents and animals. Mycobacterium tuberculosis
TSIIA treatment and EAE assessment. Forty rats were separated at random into four groups. Phosphate-buffered saline (PBS) (5 ml/kg) with dimethyl sulfoxide (DMSO) (5%) and Tween-80 (5%) was used as a drug solvent. Ten non-EAE rats that administered solvent intraperitoneally (i.p.) every day beginning from day 0 p.i. served as the naive group. Ten EAE rats administered i.p. injection of equal volume of solvent every day served as the vehicle group. In the last two groups, EAE was induced and rats were administered two different TSIIA concentrations i.p. TSIIA was dissolved in solvent at low (25 mg/kg; TSIIA-L group) and high (50 mg/kg; TSIIA-H group) concentrations, respectively. From day 0 p.i. the body weight of all rats was measured daily and clinical signs were also evaluated by two independent observers using the scale shown in Table I (19) .
Histopathological assessment. On day 18 p.i., all the rats were sacrificed by transcardial perfusion of PBS (pH 7.4) through the left ventricle under anesthesia with injection of 10% chloral hydrate (3 ml/kg; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) into the abdominal cavity, and spinal cord and brain samples were obtained. Lumbar enlargement of the spinal cord and right-hand side of the brain were paraformaldehyde-fixed and paraffin-embedded. Subsequently, 3-µm slices of brain were sectioned and stained with hematoxylin-eosin (H&E) to evaluate inflammatory infiltration. In addition, 3-µm slices of spinal cord were sectioned and stained with LFB to evaluate demyelination. Histopathological assessment was performed in a blinded according to Table II (19) . Western blot analysis. Brain and spinal cord from each group was respectively homogenized in lysis buffer with protease Moribund or death inhibitors and RIPA for protein extraction. Tissue homogenate was centrifuged at 12,000 x g for 10 min at 4˚C to obtain the supernatants. The BCA protein assay kit was used to measure protein concentrations. Protein samples (30 µg/well) were subjected to electrophoresis on 10% SDS-PAGE gel and electrotransferred onto a PVDF membrane. After blocking with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween-20 (TBST) for 2 h at normal temperature, the membranes were separately incubated with rabbit anti-CD4 (diluted 1:500), rabbit anti-CD8 (diluted 1:500), rabbit anti-Mac-1 (diluted 1:300), rabbit anti-IL-17 (diluted 1:500), rabbit anti-IL-23 (diluted 1:500) and mouse anti-β-actin (diluted 1:1,000) overnight at 4˚C. The following day, membranes were washed three times with TBST (5 min/wash), then were incubated with peroxidase-conjugated goat anti-rabbit secondary or goat anti-mouse secondary (diluted 1:2,000) antibody for 2 h. Following incubation, the membranes were washed three times with TBST (5 min/wash). Bands were treated with Luminol reagent for 1 min and visualized using the Electrophoresis Gel Imaging Analysis system. Band density was calculated via Image J 1.36 software. Protein bands were compared with that of β-actin to determine the relative expression level of target protein.
Immunohistochemical analysis of CD4, CD8
ELISA analysis of IL-17 and IL-23.
On day 18 p.i., all the rats were sacrificed by transcardial perfusion of PBS (pH 7.4) through the left ventricle under anesthesia with injection of 10% chloral hydrate (3 ml/kg) into the abdominal cavity, and blood was collected via retro-orbital bleeding to collect the serum. IL-17 and IL-23 concentrations were detected using ELISA according to the specifications strictly.
Statistical analysis. The results are presented as the mean ± standard deviation. GraphPad PRISM 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was utilized to conduct all statistical analyses. Multiple comparisons were performed by Kruskal-Wallis test or one-way analysis of variance, followed by the least significant differences test, as appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results
TSIIA treatment relieves clinical signs.
Clinical signs of EAE development in rats from the vehicle group began to appear on day 9 p.i., including loss of appetite, reduced physical activity, and tail and limb paralysis. However, EAE onset in TSIIA-treated rats occurred on day 11 p.i. (TSIIA-H) and 10 p.i. (TSIIA-L). Compared with the vehicle group, the two TSIIA-treated groups received significantly lower clinical scores (P<0.01). Significant differences were also observed between the treated groups, which were dose-dependent (P<0.01; Fig. 1A) . Furthermore, the body weights of untreated EAE rats were significantly decreased, compared with the naive and TSIIA-treated rats (all P<0.01) while those of TSIIA-treated groups were only marginally reduced, with the smallest recorded weight loss in the TSIIA-H group. Significant differences in body weight were observed between the two treatment groups (P<0.01; Fig. 1B ).
TSIIA treatment improves CNS histopathology.
Since inflammatory cell invasion and CNS demyelination are the key characteristics of EAE, the impact of TSIIA on these parameters was verified. Consistent with clinical scores, rats in the vehicle group exhibited typical inflammatory cell infiltration in the brain, as determined via H&E staining. This cell infiltration was dose dependently attenuated following TSIIA treatment ( Fig. 2A) . Similarly, LFB staining revealed large areas of demyelination in the spinal cord of rats from the vehicle group, which were significantly decreased in the treated groups (both P<0.01; Fig. 2B ). These results clearly indicate a beneficial effect of TSIIA in reducing inflammatory cell infiltration and demyelination, which provide the basement of mitigated clinical signs following TSIIA treatment.
TSIIA treatment suppresses the expression of CD4, CD8
and Mac-1. To identify the types of infiltrating cells in the CNS of EAE rats, immunohistochemistry was performed. Inflammatory exudates included a mixture of cell types, including CD4 + T cells, CD8 + T cells, microglia and macrophages (Fig. 3A-L) . Compared with the vehicle group, TSIIA administration at the two doses induced a significant decrease in the quantity of CD4 + T cells (P<0.01), CD8 + T cells (P<0.01), macrophages and microglia (P<0.01) (Fig. 3M-O) . The results were confirmed by quantification of the western blots and were consistent with the results of immunostaining (P<0.05; Fig. 4A , B and C).
TSIIA treatment suppresses the levels of IL-17 and IL-23 in the brain. Expression of the inflammatory cytokines, IL-17
and IL-23, is usually increased in the CNS in EAE. To assess whether TSIIA exerts anti-inflammatory activity in EAE in vivo, its effects on IL-23 and IL-17 levels in the brain were determined using immunohistochemistry. Compared with the naive group, expression of IL-17 and IL-23 in the vehicle groups was significantly increased (P<0.01). Compared with Extensive perivascular cuffing with extension into adjacent Large (confluent) areas of demyelination parenchyma or parenchyma the vehicle group, TSIIA treatment significantly induced a reduction in IL-17 and IL-23 expression (P<0.01). However, there were no significant differences between the two treatment groups (P>0.05; Fig. 5 ). The effects of TSIIA on these indicators were further confirmed by quantitative western blot analysis (P<0.01), and significant differences were identified between the TSIIA-L and TSIIA-H groups in IL-17 (P<0.01) and IL-23 (P<0.05) expression (Fig. 4 A, E and F) . and IL-23 among all groups were found in vehicle-treated rats, which decreased significantly in the two TSIIA-treated groups (P<0.01). The serum level of IL-17 in the TSIIA-H group was lower than that in the TSIIA-L group (P<0.01). However, no significant difference was identified in the serum concentrations of IL-23 between the two TSIIA-treated groups (Fig. 6 ).
Discussion
TSIIA has been shown to alleviate several CNS disorders in animal models, possibly through its anti-inflammatory and neuroprotective properties. However, the effects of TSIIA on EAE have not been determined to date. In the current study, an experimental model was established to determine the effects of TSIIA on EAE and its mechanisms of action.
In MS and EAE, CD4 + T cells, CD8 + T cells, macrophages and resident microglia orchestrate a series of inflammatory reactions in the CNS of humans and animals, resulting in + cells are undoubtedly the pivotal pathogenic cells in MS and EAE that facilitate inflammatory reactions and subsequent neurodegeneration. These cells induce neuronal death under pathological conditions through a variety of mechanisms, such as triggering antigen-independent calcium oscillations and TRAIL-mediated injury in neurons (20, 21) . A number of therapeutic options that reduce the T cell-and particularly, CD4
+ cell-mediated damage of neurons are extensively applied in the clinic. For example, natalizumab, an effective drug for MS, decreases the number of CD4 + cells in the brain and inhibits peripheral lymphocyte migration into the CNS (22) . CD8 + T cells are also crucial in CNS autoimmunity. These cells are abundant in active demyelinating lesions in MS, and induce inflammation and demyelination in EAE (23) . Furthermore, there is a positive correlation between the degree of axonal injury and the quantity of CD8 + T cells as well as macrophages/microglia in the brain tissue from patients with MS, suggesting their important effects on axon loss (24) . Cytotoxic CD8 + T cells secrete various pro-inflammatory cytokines, including perforin (25) and granzymes (26) , which trigger autoimmune injury mediated by cells in the CNS. Sodium tanshinone IIA sulfonate, a water-soluble derivative of TSIIA, has been shown to markedly suppress the proliferation of spleen T lymphocytes and reduce the CD4 + and CD8 + T cell percentage in peripheral blood in a rat skin transplantation model (27) . Additionally, TSIIA inhibits the maturation of dendritic cells and suppresses the expression of pro-inflammatory cytokines, weakening their capacity to stimulate T-cell proliferation (28) . Data from the current study showed that TSIIA downregulates the increase in CD4 + and CD8 + T cells in the CNS and relieves clinical symptoms. Macrophages in the CNS are derived from peripheral monocytes, and microglia are resident macrophages. Once activated, microglia and macrophages cause mitochondrial dysfunction through induction of reactive oxygen and nitrogen species, which contribute to axon injury and subsequent neuronal cell death (29) . Activated microglia and macrophages produce pro-inflammatory cytokines and enhance sensitization of axons to glutamate, with subsequent initiation of an indirect immunological attack on oligodendrocytes and neurons (30, 31) . TSIIA reduces the release of LPS-induced pro-inflammatory cytokines, such as IL-1, IL-6 and tumor necrosis factor (TNF)-α, from macrophages during inflammation (32) (33) (34) . Microglial activation, a hallmark of CNS pathology in MS and other neurodegenerative diseases, triggers cytotoxic effects and drives neuronal damage, which can be suppressed by TSIIA in experimental models of SNL-induced neuropathic pain (35) and Parkinson's disease (13) . Macrophage depletion (36) and microglial paralysis (37) markedly alleviate disease progression. Consistently, compared with wild-type mice, Mac-1-deficient mice displayed attenuated EAE with lower levels of gliosis, axonal degeneration and demyelination (38) . To the best of our knowledge, no studies regarding the impact of TSIIA on microglia/macrophages in CNS of EAE are have been conducted. The results from this study showed that following TSIIA treatment, microglia/macrophage numbers are decreased following decreased demyelination and inflammatory cell infiltration in the CNS of EAE rats.
The IL-17/IL-23 pathway is associated with the pathogenesis of autoimmune disorders, including MS, psoriasis and inflammatory bowel disease (39) (40) (41) . IL-23-deficient mice are unable to induce EAE (42) . IL-23 is reported to promote polarization, development and expansion of pathogenic T cells; thus, it is essential for EAE induction. (43) (44) (45) . As a lineage of major pathogenic T cells, Th17 cells not only autosynthesize but also promote other types of cells to generate pro-inflammatory cytokines (46) . Furthermore, Th17 cells transmigrate efficiently across the blood brain barrier, damage neurons and contribute to CNS inflammation through CD4 + lymphocyte accumulation (47) . Targeting IL-23-p19 with neutralizing antibodies has been shown to reduce the IL-17 level in the CNS and serum, which was also shown to prevent EAE relapse during disease remission (48) . Serum IL-17 levels are positively correlated with disease severity (49) and EAE is inhibited in IL-17 -/-mice whose CD4 + T cells are incapable of inducing EAE efficiently, compared with wild-type T cells (50) . IL-17 also stimulates microglia (51) and astrocytes (52) to secrete inflammatory cytokines and chemokines, resulting in recruitment of neutrophils (53) . In collaboration with TNF-α, IL-17 promotes oxidative stress-induced apoptosis of oligodendrocytes, causing axonal loss and subsequent neurological deficits (54, 55) . In an earlier phase II clinical trial, following treatment with secukinumab, an antibody that neutralizes IL-17, MS patients displayed fewer new CNS lesions observed using magnetic resonance imaging, and lower annualized recurrence rates, compared with placebo-treated patients (56) . Therefore, blockage of the IL-23/ IL-17 pathway in the clinical treatment of MS has recently received considerable research attention, in view of accumulating data highlighting its vital role in MS/EAE. TSIIA has been shown to inhibit IL-17-induced vascular remodeling in systemic sclerosis patients (17) . However, no research to date has investigated the impact of TSIIA on IL-17 and IL-23 levels in EAE/MS. To the best of our knowledge, this is the first study to demonstrate a significant decrease in serum and brain expression of IL-17 and IL-23 in EAE following TSIIA treatment.
In conclusion, this study provides preliminary evidence supporting the use of TSIIA as a potential novel therapeutic option for MS. However, rats in this study were only treated acutely, and the feasibility and safety of TSIIA require validation in the clinic.
